In this paper the behaviour of fibre Bragg grating (FBG) sensors under non-uniform strain distributions was analysed. Using the fundamental matrix approach, the length of the FBG sensor was discretised, with each segment undergoing di↵erent strain values. FBG sensors that are embedded inside composites, also undergo such non-uniform strain distributions, when located in the vicinity of failures such as matrix cracks or delamination of layers. This non-uniform strain distribution was created in an experimental setup. Finite element analysis was used to analytically model the strain distribution along the FBG length. The measured FBG outputs were then compared to the simulated results. There was a high amplitude correlation between the results of the measured and the simulated reflection spectra with a maximum of 0.97 among all cases.
INTRODUCTION
Fibre Bragg grating sensors have attracted a lot of attention in the field of structural health monitoring (SHM), during the past decades. The primary application of these sensors in SHM applications is for load monitoring and determining the absolute strain and temperature changes, either separately [1] or simultaneously [2] . Due to their often linear wavelength shift response, changes in average strain and temperature would result in a change in the position of the resonance wavelength of the FBG output [3] . However, the strain (or temperature) field a↵ects the full reflection spectra of the sensor output signal. In this paper, the e↵ects of strain distribution changes along the length of FBG sensors, and their e↵ects on the reflection spectra's shape and wavelength shift were experimentally analysed. The composites of interest in this paper are mostly the continuous fibrereinforced type, in which layers of reinforcing fibres are stacked in a desired configuration and FBG sensors could be embedded between these layers. The most prevalent types of damages in such composites are matrix cracks and delamination of layers. If there is contact between these cracks or openings with the FBG sensors, there would be a non-uniform strain distribution along the length of the FBG which would result in a alterations in its shape of reflected spectra [4] . In the next section the theory behind the FBG reflected spectra modelling is going to be described, the experimental design and results are discussed in section 3, and finally, section 4 concludes the paper.
THEORY
A fibre Bragg grating is a type of device that due to having a periodic (or aperiodic) perturbation in the refractive index of its core (called gratings), reflects particular wavelengths of light and transmits all other wavelengths. The highest reflection occurs at a certain wavelength called Bragg wavelength, calculated using equation (1):
In which n ef f is the e↵ective refractive index of the grating and ⇤ is the grating period. In one of the earliest works of modelling the FBG reflection spectra, Yamada and Sakuda [5] proposed a piecewiseuniform approach, in which the length of the grating (L) is divided into a series of small segments ( z), each assumed to act as independent uniform gratings. If the forward and backward fields for a segment i were defined as A i and B i , and assuming the starting point of A 0 = A(L) = 1 and B 0 = B(L) = 0, the coupled mode equations of field amplitudes for each segment could be solved as follows [5] :
with
in which  is the coupling coe cient between forward and backward waves, = 2⇡n e↵ (
) is the di↵erence between propagation constants in the longitudinal direction in which n ef f is the e↵ective refractive index, is the wavelength and B is the initial Bragg reflection wavelength, and = p  2 2 . After calculating the F i matrix for each segment, the desired backward and forward output amplitudes were derived using the relation:
The reflected spectrum, R( ), is then determined as:
As long as the segments are not that small and z ⇤, the results are su ciently accurate.
PHYSICAL CASE
The process of applying a partial strain on the grating, could be considered similar to the case of delamination of composite layers, when the FBG is embedded between the layers and is in the vicinity of the opening section of the layers. It has been shown in the literature that depending on the location of delamination along the length of the FBG sensor, there could be an additional strain distribution in opening areas, either in the middle or on the two end parts of sensor [6] .
For the sake of simplicity of implementation and avoiding undesired artefacts, only the "end region strain" was considered in this paper, and the experimental setup was designed accordingly. In order to have more control over the strain distribution along the length of the sensor, this case was simplified to the laboratory setup of Figure  1 . In this setup an optical fibre with an overall length of one meter was used, in which a length of L = 10 mm contained gratings, with central wavelength of c = 1539.76 nm. In order to have a better comparison between the simulation results and the measured outputs, the data acquisition was divided into 9 sessions, with each session corresponding to 1 mm of grating length being covered in Cyanoacrylate type adhesive. In the first session, 1 mm of the length of the grating was glued to a sti↵ surface (12 layer woven fabric CFRP composite of size 20 by 20 cm and thickness of 8 mm), with one end of optical fibre being connected to a PXIe-4844 FBG interrogator (with 4 pm wavelength accuracy and wavelength range of 1510 nm to 1590 nm), and the other end being connected to a mass of 200 g, which was responsible for applying stress on the FBG and creating the desired strain distribution. Data acquisition was performed afterwards, and then another 1 mm of the length of the grating was covered and so forth. This process continues until the whole length of FBG is covered in glue.
Finite element analysis (FEA) was used to assess the strain distribution along the length of sensor. Quad type elements were chosen with sizes equal to the modelling segments, which were z = 0.05 mm in length. The boundary conditions were zero displacement and rotation on the mutual surface of the sti↵ surface and the adhesive. Consequently, for the total of M = 20 FBG segments, there were 20 di↵erent strain values (and therefore 20 di↵erent wavelength shifts). The finite element modelling was performed in ABAQUS 6.14, and the modelled setup and strain distribution along the length of FBG sensor is shown in Figure 2 . As you can see from the simulated strain values, the length that is covered in adhesive is under lower strain (similar to the area of sensor adhered to binding material in composites), and the rest of the sensor that is loose is under higher strain (similar to the length of the FBG sensor that is in the vicinity of an opening in delaminated composite). This strain distribution actually a↵ects the and parameters in each of the F i matrices di↵erently, which in the end results in alteration of original reflection spectra of the FBG . In order to have a better view of the strain changes on the optical fibre, the glued region and also the surface were excluded from viewing. In order to visualise the comparison of our modelling with actual output measurements, the case of 3 mm covering of FBG length in adhesive is chosen to be presented here.
Based on the results of the FEA, the strain values were applied in the simulation code (generated in MATLAB 2016A). The modelled output and the measured output of the signal at 3 mm glue coverage of sensor are shown together in Figure 3 . It can be observed that the shape of the modelled reflection spectra, complies significantly with the modelled output, and also with some output signals of delamination type damages in composites that were presented in the literature [6, 7] . In fact, even though the real FBG sensors su↵er from intrinsic manufacturing and drawing birefringence, the results of modelling and actual output measurements had a maximum of 0.97 correlation with each other (at 3 mm glue coverage). The calculated similarity of the measured and simulated signals, based on Pearson's sample correlation [8] , are shown in Table 1 . As it is seen from the table, the higher the length of FBG being covered in adhesive, the less correlated are the modelled output and the real FBG measurements. The reason is that adding more layers of adhesive created uneven distribution of adhesive on the sensor surface, which resulted in deviation of actual strain distribution from that of our simulations.
CONCLUSIONS
This paper shows the high correlation of the results, derived from modelling the FBG, and actual output measurements from a real FBG sensor in similar strain distributions. Although in many of the applications of FBGs in SHM, the focus is only on the peak resonance wavelength shifts, in many of the recent studies there has been an e↵ort in exploiting the information in the full range of the reflection spectra, especially in damage classification and monitoring the damage growth. The primary goal of this experiment was to give a better understanding and intuition of the behaviour of FBG sensors under such strain distributions.
